[1] The utility of elemental mapping by scanning X-ray fluorescence (XRF) in the study of annual laminated sedimentary records was investigated on eight annually laminated sediment types. The examples were chosen to illustrate the potential of this approach in environments dominated by terrigenous, biological and chemical deposition. Individual laminae were identifiable in elemental maps of all sediment types and were enhanced through the use of data reduction techniques (e.g., principal components transformation). Laminae were least apparent in clastic dominated systems with no seasonal changes in sediment sources. In biologically dominated systems, element maps provided insights into the composition of the varve subcomponents, related to alternating terrigenous and biologically dominated seasonal periods of deposition. Chemically precipitated structures were more prevalent than expected from visual investigations alone and may provide an underutilized paleoenvironmental signature of changing limnological conditions. Elemental mapping offers a valuable tool for the study of laminated records that complements existing techniques (e.g., SEM, digital image analysis).
Introduction
[2] Annually laminated (varved) sedimentary records can provide an invaluable source of annual to seasonal-scale paleoenvironmental changes over timescales of hundreds to thousands of years. Understanding the nature of varve formation is crucial for appropriately utilizing finely laminated sediments for both chronological development and extracting paleoenvironmental information. Although the study of modern sedimentation processes through techniques such as sediment traps may provide the most ideal method for understanding how sedimentary structures are formed and preserved [Dean, 2002; Teranes and Bernasconi, 2000; Thunell et al., 1995] , it is often logistically and financially impractical to do such modern calibration studies at remote sites. In such cases, it is necessary to develop an understanding of the processes of laminae formation from the sediments themselves.
[3] Growing interest in the development of highresolution records of past climate changes has led to the development of numerous techniques for studying sediment laminations including X-radiography, digital image analysis, and scanning electron microscopy (SEM) [Dean et al., 1999; Francus et al., 2004; Principato, 2004; Schimmelmann and Lange, 1996] . In particular, backscatter electron imagery (BSEI) has become a widely used and valuable technique for studying the sedimentary fabrics associated with varve formation. A number of studies have illustrated the usefulness of this technique in resolving the physical and biological components of the annual cycle of sedimentation [Burke et al., 2002; Dean et al., 1999; Hughen et al., 1996b; Kemp, 2003; Schiefer, 2006; Tiljander et al., 2002] .
[4] A complementary approach is elemental mapping by scanning micro-X-ray fluorescence (m-XRF) [Böning et al., 2007] . This method allows for the identification of changes in elemental abundances associated with sediment laminations at very high spatial resolution (20-100 mm), which can provide insights into interannual and intraannual changes in sediment elemental composition. X-ray maps can also be readily compared to visually identifiable sedimentary structures associated with annual bands to assist in interpreting varve components and the processes leading to their formation. Coupled with down core m-XRF line scans [Jansen et al., 1998 ], variations in elemental abundances can also potentially be used for verification of visual varve counts and identification of changes in sedimentation processes [Böning et al., 2007] .
[5] This paper examines the use of m-XRF mapping for the study of laminated sediments. The basic analytical procedures behind m-XRF analysis of sediment records are described, and a number of examples illustrating the utility of this method are presented. Examples were chosen from a variety of lacustrine and marine settings known to preserve annual sediment laminations via differing physical, biological and geochemical processes.
Methods

Instrumental Setup
[6] Measurements were made using an EDAX Eagle III tabletop scanning m-XRF analyzer located in the Geosciences Department at the University of Arizona. This instrument is equipped with an Xray tube with a Mo target that is capable of generating incident X rays with energies of up to 50 KeV and 1-1000 mA. This permits the potential identification of elements from Na to U in lowdensity samples. Measurements are made with an energy dispersive LN cooled Si(Li) detector with a 10 mm Be window. The Eagle III uses a monolithic polycapillary optical X-ray focusing tube with an effective beam spot of 20 mm at the optimal focusing distance. The use of polycapillary focusing optics is critical because it enables the machine to achieve very small beam sizes, and consequently small measurement areas, without sacrificing beam intensity and sensitivity. The effective spot size increases moderately for higher-energy X rays (to about 40 mm) because of the greater penetration depths of the primary X rays contributing to the fluorescence of heavier elements. Sample location is recorded by two CCD cameras (10x and 100x), which allow for precise location of the X-ray beam on the sample.
Preparation of Samples
[7] Measurements may be made either under vacuum or in air, allowing for analysis of either wet sediment cores with clean surfaces or resin embedded sediment slabs prepared following standard procedures described elsewhere [e.g., Pike and Kemp, 1996] . In our experience, we have found that much better results may be obtained using embedded pucks under vacuum, particularly for high-resolution (<100 mm) studies. This is because microscale surficial effects in unprepared sediments, caused by factors such as variable surface roughness and water formation on the sample surface can produce analytical noise through absorption and scattering of X rays. Furthermore, many of the lighter elements of interest (e.g., Al) are difficult or impossible to measure accurately in air, and are more sensitive to surface and matrix effects due to the low energy of their fluorescing X rays. Finally, during the long measurement periods (hours) needed for the production of X-ray maps, condensation tends to develop on the surface of the sediment core, potentially posing a problem for even semiquantitative XRF analysis. An advantage of using resin embedded blocks is that a direct comparison can be made between the elemental maps and investigations of thin sections from the same material. We note, however, that direct XRF measurement on thin sections rather then resin blocks is problematic because the depth of the fluorescing X rays (100-150 mm) may exceed the sample thickness, resulting in a potentially significant contribution from the underlying glass slide.
Scanning m-XRF Analysis of Sediments
[8] Traditional, energy-dispersive X-ray fluorescence (XRF) analysis is a very common analytical tool for the accurate and quantitative determination of major and trace element concentrations in a wide variety of materials. It has an advantage over other techniques in that it requires relatively little sample preparation, provides moderately rapid measurement times and can measure a wide range of elements (Na to U) simultaneously, as well as over a wide range of concentrations.
[9] Energy-dispersive XRF analysis is typically performed by exciting a sample with a well-characterized, primary X-ray source (e.g., Rhodium, Molybdenium). This results in the emission (fluorescence) of secondary X rays with energies that are characteristic of the elements in the sample. Elemental concentrations can then be determined from the intensities (count rates) of the X rays at each energy level. Quantification is performed using known standards, or by theoretical calculations (e.g., the method of fundamental parameters) or some combination of the two [Jenkins et al., 1995] .
[10] Quantitative analysis by XRF requires strict sample preparation guidelines. The two most accepted approaches for XRF sample preparation are the fused bead and the pressed pellet techniques [e.g., Blank and Eksperiandova, 1998; Jenkins et al., 1995] . Both approaches attempt to minimize the effects of sample inhomogeneities, packing and particle size effects, all of which may produce significant errors in quantitative XRF results. Over the last several years, a number of studies have employed in situ m-XRF scanning techniques to the development of long, continuous paleoenvironmental records by in situ line-scan analysis of sediment cores [e.g., Haug et al., 2001; Peterson et al., 2000; Rohl et al., 2000] . In this approach, temporal patterns of elemental variations are produced by scanning the length of wet sediment cores directly. While this technique lacks the accuracy of more conventional quantitative approaches, it offers the potential for rapid, high-resolution results without the need for high-resolution sampling and time-consuming sample preparation.
[11] Recently, a number of studies have also begun to explore the potential of scanning XRF technology for mapping of biological and geological materials, in order to understand the spatial, as well as the temporal variations in the elemental composition of geological materials [Civici, 1997; Fukumoto et al., 1999; Vekemans et al., 1999; Böning et al., 2007] . The primary limitation to the XRF mapping approach is the time required to produce the map. In comparison with a simple onedimensional line scan, the number of locations in a map (and therefore the time) increases exponentially. Typical measurement times for quantitative sediment line scans are approximately 30-60 s per [12] In the current study, resin-embedded slabbed samples were typically measured at 500 KeV and 1000 mA under vacuum to optimize analysis for the elements of interest (Al-Mn). Unfortunately, concentrations of sulfur were not obtained because of problems with overlapping signals between the Mo X-ray source and S. The X-ray beam was maintained at a diameter of 20 mm, and X-ray counts were integrated over measurement times of 5 s per spot. To maximize efficiency and minimize measurement times, we varied the number of discrete measurements per unit area, depending on the size of the mapping area and the dimensions of the sedimentary structures. Typically, the distance between individual measurements was approximately 100 mm. Total analysis times also varied, but typically took between 24 and 48 h per map.
Multidimensional Analysis of XRF Maps
[13] Although visual examination of XRF sediment maps can provide valuable insights into the geochemical makeup and origin of sedimentary structures, methods which have been previously utilized for simplifying and interpreting multidimensional data sets, such as dimensionality reduction and image segmentation [Bonnet et al., 1997; Vekemans et al., 1999] can improve our understanding of these data sets. These methods can be particularly valuable in noisy data sets like the ones generated here. Because sediment structures such as laminations can be considered to be composed of a series of sequential, quasi-homogeneous phases, in many cases it may also be possible to segment the multidimensional elemental maps into a limited number of phases reflecting discrete periods of deposition [Bonnet et al., 1997] .
[14] A number of methods have been developed for identifying the dominant phases from elemental maps in a variety of materials and have shown some success in automating image segmentation [e.g., Bonnet et al., 1997; Vekemans et al., 1999] . In the present study, we apply a procedure similar to that described by Vekemans et al. [1999] , in which principal components analysis (PCA) is used to reduce the large arrays of multispectral data into a few primary components explaining the majority of the variation in the data set. Data reduction of multispectral elemental maps into their principal components serves several purposes. First, it increases the efficiency of the analysis by removing redundancy in the data sets. In addition, restricting analysis to those principal components accounting for largest proportion of the variance effectively serves as a noise filter, critical for elemental data produced with short measurement times. Finally, PCA provides a means of understanding the relationships between variability in the different elements in the sample. In the present study, we use a version of PCA that is well suited to the analysis of multispectral two-dimensional images (termed the Principal Component Transformation (PCT), or the Karhunen-Loeve or Hotelling transformation), to derive two-dimensional maps of the PCT loadings, their eigenvalues and eigenvectors [Schowengerdt, 1997] .
Laminated Sedimentary Records
[15] Although a wide variety of sediment varve types have been recognized [e.g., Anthony, 1977; Kelts and Hsu, 1978; Saarnisto et al., 1977; Sturm and Matter, 1978] , most can be categorized into three main types, or some combination of these, based on their process of formation: physical, biological and chemical [O'Sullivan, 1983] . To examine the potential usefulness of XRF elemental mapping in the study of laminae formation, we have mapped resin embedded blocks of laminated sediments from a variety of sedimentary systems, encompassing each of these categories (see Table 1 ). Our examples include two clastic-dominated glacial lake systems (Lake Hvitarvatn, Iceland; and Lake Linnevatnet, Svalbard) and three biological systems, two of which are controlled by seasonal diatom blooms (Soper Lake, Baffin Island; Steel Lake, Minnesota) and a third marine site (Cariaco Basin, Venezuela) which is dominated by seasonal coccolithophorid algae blooms. A third set of examples come from sites with sediments that are known to be composed of a variety of combinations of clastic, biological, and geochemical laminations (Fayetteville Green Lake, New York; Pettaquamscutt River basin, Rhode Island, and Lake Bosumtwi, Ghana).
Results and Discussion
4.1. Clastic-Dominated Systems 4.1.1. Lake Hvitarvatn
[16] Lake Hvitarvatn is a glacier-dominated lake located in the central highlands of Iceland. It has an area of 29.4 km 2 and a maximum depth of 84 m [Black et al., 2006] . Hvitarvatn is fed primarily by Langjokull, the second largest ice cap in Iceland. One outlet glacier from the glacier calves into the lake, a second withdrew at around 1940. Annual sedimentation rates are high (approximately 1 cm a
À1
) and consist of a visually distinct clay cap deposited in winter, a mixture of silt and clay in the spring, and coarser, meltwater-derived glacial sands in the summer. Diatoms and authigenic carbonate are scarce or absent in the sediments and organic productivity is low [Black et al., 2006] . Because of the lack of evidence for either biological or geochemical components in the sediments, Lake Hvitarvatn provides a strict end-member case of a clastic-dominated system.
[17] Sediment thin sections from Lake Hvitarvatn clearly show the distinct, alternating coarse-fine sediment progression that makes up the annual cycle of sediment deposition [Black et al., 2006] (Figures 1a-1c) . XRF elemental maps show little change in the composition of the laminae, as predicted from the lack of changes in the sediments deposited throughout the year. The lack of a strong annual signal in these results is not improved upon using the PCT technique. However, visual inspection suggests that the coarsest material yield higher intensities for the heavier elements (e.g., Ti, Fe) and lower intensities for the lighter elements (Al, Si, Ca) than the silty-clay laminae. Because the mineralogy does not change, and there is little biological influence on the lake, some other factor must be causing this relationship.
[18] One possibility is that the changes in elemental intensities reflect variations in sediment grain size. There are two ways in which grain size may alter the elemental intensities. The first relates to the packing of sediments, which should be inversely proportional to grain size. More tightly packed sediments should generate greater element intensities because the beam excited more material (and less pore space). Since lighter elements have lower energies and are derived from much shallower sample depths, we would expect them to be most sensitive to this effect. This is consistent with our observation that the finer grained (e.g., more tightly packed) material yields higher element intensities for the lighter elements than the coarser material. An alternative explanation is that the lower XRF intensities associated with coarser grain sizes are caused by sample self-absorption of fluorescing X rays. In large grained samples, where the size of individual grains approaches the X-ray attenuation length for low-energy X rays, these X rays will be preferentially underrepresented because they lack sufficient energy to escape from the sample and are reabsorbed. As a consequence, low-energy X-ray intensities will be reduced for the larger grain sizes in comparison with the finer grain sizes. More detailed studies of grain size variations and laminae scale changes in sediment density are required to assess these two possibilities. However, these results suggest that caution should be used in interpreting elemental intensity records from clastic-dominated sediments, especially on a varve scale.
Lake Linnevatnet
[19] Lake Linnevatnet is a small (1 Â 5 km diameter) glacial-fed lake located at the mouth of Isfjord, Svalbard [Snyder et al., 2000] . Inflow to the lake is provided by spring snowmelt and melting of the Linnevatnet Glacier and several smaller, cirque glaciers. Sedimentation is primarily glaciofluvial, and originates from the Linne River, which carries sediment-laden glacial meltwater from the Linnevatnet Glacier. Fine sand and silt are delivered to the lake during spring runoff events while summer ablation of the glacier results in the deposition of fine silt and clay laminae. Large summer precipitation events are associated with coarse layers within the finer clay-silt summer laminae. Two distinct lithologic terranes are present in the catchment. Sediments from the first area are composed of quartz, feldspar, muscovite, chlorite and kaolinite whereas the sediments from the second terrane are predominantly dolomitic [Snyder et al., 2000] .
[20] On the basis of a comparison between laminae stratigraphy and independent dating methods, each varve is composed of numerous fine laminations, possibly reflecting individual precipitation runoff events (Figures 1d-1f) . Although the elemental distributions do not appear to provide any insights into identification of the annual interval of sedimentation, XRF maps suggest that the individual laminae have distinct elemental compositions, and may represent different source regions contributing sediment during different runoff events. This is supported by the PCT analysis, which reveals distinct variations between laminae dominated by calcium (and usually at least one other element) and the aluminosilicate elements. In the absence of evidence for authigenic carbonate production in the lake, we propose that the Ca-rich layers represent intervals of runoff from the dolomite portion of the catchment, whereas the Al, K and Fe rich laminae represent runoff from the aluminosilicate-dominated portion of the catchment (PC 1, 2). Ongoing work using sediment traps and studies of sediment cores will provide more insights into these processes in the future. Provided the sources of these individual laminae can be separated and identified, and their deposition tied to paleoenvironmental changes within the catchment over the historical period, the XRF mapping results indicate that rapid elemental scanning could be a potential means of identifying individual runoff events, and their sources within the catchment. [Winter, 1997] , and it has a small stream running through it today. Its small surface area (0.23 km 2 ) compared to its depth (21 m), results in anoxic bottom waters and the preservation of annual sediment laminations [Tian et al., 2005 [Tian et al., , 2006 Wright et al., 2004] . Annual sedimentation is composed of three laminae: a light-colored laminae of concentrated calcite and diatoms deposited during the growing season, a thin brown lamina of diatoms and iron oxides deposited during autumn overturning, and a dark, organic rich layer deposited in winter (Figures 2a -2c) . The two darker layers are usually visually indistinguishable without microscopic assistance [Tian et al., 2005] . The latest Holocene sediments used for elemental mapping in this study contain only a small amount of clastic material; over 80% of the material is composed of biogenic silica, endogenic carbonate and organic matter. The existing detrital mineral fraction is composed primarily of quartz and feldspars [Tian et al., 2005 [Tian et al., , 2006 Wright et al., 2004] .
[22] In contrast to the purely clastic varved systems described above, the XRF elemental maps provide more insight into the complex sequence of annual sedimentation at Steel Lake (Figures 2a-2c) . The dominant elemental signature making up the varves is alternating bands of Ca and bands of Fe and Si (PC1). The Ca is most likely derived from endogenic calcite [Tian et al., 2006] that formed as a result of algal CO 2 uptake for photosynthesis during the spring and early summer. Si reflects enhanced diatom productivity during seasonal overturn, as suggested by its co-occurrence with Fe. Because the detrital mineral fraction should not contain Fe, the most likely source of this Fe is Fe oxides and oxyhydroxides formed when Fe-rich, anoxic bottom waters are mixed up into the oxygenrich epilimnion. This interpretation is consistent with the previous suggestion that authigenically precipitated Fe-oxides are a significant constituent of the annual laminae [Tian et al., 2005] .
[23] Close inspection of the elemental plots indicates that in each varve, two thin layers of K and Al (PC2) occur in the intervals between the Ca laminae and the Si-Fe laminae. The most likely source of K and Al is mineral particles from watershed soil erosion and/or eolian activity. The first thin band probably represents inputs of terrigenous clastic material in the early to midsummer, when nutrients are depleted and aquatic productivity is low. The second annual band following the summer peak in diatom productivity probably represents detrital deposition during the winter, also when productivity is also reduced. There is no reason to expect increases in soil erosion or eolian dust deposition during these seasons. Thus the elevated concentrations of the mineral fraction in these intervals likely reflect reduced dilution from endogenic calcite and Fe oxides.
[24] PC3 is dominated by the distinct band of Mn that is present in only one of the varves investigated in this study. Like Fe, Mn is a redox-sensitive metal and its presence is probably an indicator of changing redox potential in the water column and sediment-water interface. Unlike Fe-oxides, which are present in every varve, Mn-oxides occur less regularly. Fe is much more common than Mn in lakes, which could account in part for its more dominant role in the sediment record. Differences in preservation may also explain the more regular occurrence of Fe-oxides in comparison to the Mnoxides in the sediments. Previous authors have suggested that the preservation of Fe precipitates is enhanced by the formation of ferric hydroxide colloids or gels, which are more stable under reducing conditions than Mn-oxides [Dean, 2002; Stauffer and Armstrong, 1986; Tipping et al., 1981] . Alternatively, the differences in preservation Cariaco Basin. In the Steel Lake thin section photograph, the blue dots were manually added to the thin section to mark the varve boundaries. may be related to changes in the redox potential of bottom waters and sediments. Specifically, the Mnlaminae may have formed during a year with stronger or longer-lasting oxidation of bottom waters, as a result of either enhanced lake overturning, or reduced production of organic matter and thus reduced consumption of oxygen in bottom waters. These processes may also have increased the redox potential of surface sediments and enhanced the preservation of Mn oxides. Although additional studies are needed to understand the processes controlling the deposition and preservation of redox metals in laminated basins, the data presented here suggest that the scanning XRF approach may be valuable in identifying the frequency of these events for targeted geochemical analysis and potentially, for reconstructing paleoredox conditions.
Soper Lake, Canadian Arctic
[25] Soper Lake is located on southern Baffin Island within the tidal zone of the Hudson Strait. It has a surface area of 0.8 km 3 , a maximum depth of 30 m and obtains freshwater inputs from several streams in its catchment . It is separated from the Hudson Strait by an emergent sill, which is flooded during high tides with dense saline water. The density differences between the fresh and saline waters in the lake induce stratification and promote bottom water anoxia. Annual sediment couplets are composed of alternating dark and light layers (Figures 2d-2f) . Dark layers are composed primarily of silt and clay particles derived from snowmelt runoff in the spring and early summer whereas lighter layers are rich in diatoms deposited during periods of high productivity .
[26] Elemental maps of thin sections from Soper Lake reveal high concentrations of Fe. Positive loadings for Fe and negative loadings for the other major elements (Al, Si, Ca, Ti, K) (and the opposite relationship for PC2) suggest that the Fe is contained in a geochemically precipitated phase, such as pyrite. In modern euxinic water bodies, pyrite can form in either the water column or diagenetically in the sediments [Suits and Wilkin, 1998; Wilkin and Barnes, 1997a] . The abundance of the Fe-phases in annual laminations is consistent with either possibility and additional geochemical and water column studies are needed to address the mechanisms behind pyrite formation.
[27] Interestingly, the elemental maps from Soper lake do not show a Si-dominated phase, which we expected on the basis of reported seasonal diatom productivity. Instead, PC3 is associated with distinct Ca layers, which we attribute to the deposition of authigenic calcium carbonate as a result of CO 2 drawdown in the mixed layer during high-productivity periods. The lack of a diatom Si signal may be the result of high terrigenous Si inputs, which make it difficult to resolve the seasonal cycle of Si deposition from the XRF map data. Unfortunately, this finding highlights a significant limitation of the XRF scanning technique, which can resolve differences in elemental compositions but not the form (e.g., biological Si, aluminosilicate minerals) in which those elements are deposited.
Cariaco Basin, Coastal Venezuela
[28] The Cariaco Basin is a deep (up 1400 m), anoxic marine basin located off the coast of Venezuela [Peterson et al., 1991] . A shallow sill isolates the deep water from the rest of the ocean, minimizing deepwater mixing and transport of oxygen to bottom waters. Annual laminations in the Cariaco Basin are composed of a light, coccolith-rich carbonate layer (and a second diatom lamina in portions of the record) formed during the winter-spring when upwelling and productivity are at their highest, and a dark terrigenous layer formed during the summer-fall, when rainfall is highest over northern South America [Haug et al., 2001; Hughen et al., 1996a] . Previous work using scanning XRF techniques to develop long, highresolution records of past terrigenous input have provided some of the most valuable records of hydrologic changes in South America, to date [Haug et al., 2001 [Haug et al., , 2003 Peterson et al., 2000] . These studies showed, convincingly, that the light layers are composed primarily of Ca (in carbonate) and the dark layers contain significant amounts of Fe and Ti. On the basis of the similarities in the depth profiles of these two elements, they argued that neither was diagenetically altered.
[29] XRF elemental maps support previous work. Not surprisingly, the dominant component in the sediments is Ca, which is derived from the calcium carbonate coccoliths of haptophyte algae deposited during periods of high productivity (Figures 2g-2i) . The annual light-dark alternating layers in the thin section photograph are most visible in the intensities of the major siliciclastic elements (especially Al, and K) and PC1. Finer-scale variations in elements such as Si and Fe indicate that annual layers are composed of numerous individual layers, possibly representative of individual storm events. Over the interval mapped here, these layers show both changes in concentration and in frequency. This suggests that variations in siliciclastic elements in Cariaco Basin sediments are a function of both the intensity and the frequency of runoffgenerating storms. The absence of a Ti signal shows the difficulty in obtaining accurate maps using short measurement times when elemental concentrations are low. This problem is more acute for marine sediments, which have lower concentrations of terrigenous materials in comparison with lacustrine sediments.
4.3. Chemical-Biological Systems 4.3.1. Fayetteville Green Lake, New York
[30] Fayetteville Green Lake (FGL) is a small (0.3 km 2 area), deep (52 m) meromictic lake located approximately 15 km east of Syracuse, New York. The lake is believed to have originated as a glacial meltwater plunge-pool basin [Hilfinger et al., 2001] . Permanent stratification is maintained by a salinity-induced chemocline at 18 m water depth, which allows for the preservation of annual varves [Hilfinger et al., 2001; Ludlam, 1981 Ludlam, , 1984 . The salinity and chemical differences between surface and deep waters are caused primarily by the discharge of Ca 2+ and SO 4 2À rich groundwaters into the lake from the gypsum bearing Silurian Vernon Shale. Sediments deposited in the basin consist of light-dark annual laminae couplets. The pale, calcite rich laminae are chemically precipitated in association with photosynthetic blooms of the cyanobacterial picoplankton Synechococcus in the summer [Hilfinger et al., 2001] . Darker laminations reflect organic-and terrigenous-rich deposition in the winter. The postdepositional formation of diagenetic pyrite in the sediments of FGL has also been reported [Suits and Wilkin, 1998 ].
[31] The elemental maps from FGL are similar to those from Cariaco, with most of the material in the sediments containing Ca in the form of calcium carbonate, consistent with previous observations (Figures 3a-3c) . Interestingly, despite the changes in color and texture of the lighter portion of the varve couplets, XRF mapping suggests that this material is also nearly entirely composed of carbonate. This observation is supported by the PCT, which shows that the first component (PC1) is dominated by Ca. The thin dark layers also contain significant amounts of terrigenous material, as evidenced by the clear bands of Si, Al, Fe and Ti (PC2) . These bands are relatively restricted spatially in comparison to the carbonate layers, suggesting their deposition is confined to a single season or depositional period. It is likely that this is the late spring and early summer period of snowmelt, when large quantities of terrigenous material may be washed into the basin. Additional comparisons between elemental variations and climate are needed to more fully evaluate these relationships. The XRF maps do not show any indications of widespread formation of diagenetic pyrite as suggested by Suits and Wilkin [1998] . Either the total quantity of diagenetic pyrite formed in the sediments small, or it does not involve any translocation in the sediments that might be visible in elemental maps.
Pettaquamscutt River Basin, Rhode Island, USA
[32] The Pettaquamscutt River is a 9.7 km long estuary, located in southern Rhode Island, USA, which drains into Naragansett Bay. The primary perennial freshwater source to the site is the Gilbert Stewart stream. Stable water stratification is produced locally in deep bottom waters by density differences between the less saline stream waters of the Gilbert Stewart and the brackish tidal waters of the Naragansett Bay [Lima et al., 2005] . These conditions result in permanently anoxic conditions, preventing bioturbation and allowing for the preservation of annually laminated sediment structures.
[33] Annual sediment laminations are composed of a dark colored organic layer produced during the summer when organic biomass from photosynthetic anoxic bacteria is the dominant sedimentary component [Sieburth and Donaghay, 1993] and a light terrigenous layer deposited by runoff to the basin during heavy winter rains [Hubeny, 2006] . Pyrite formation in both the water column (syngenetic) and the sediments of the Pettaquamscutt estuary have been reported by previous workers [Wilkin and Barnes, 1997b] . There is also evidence for the formation of magnetite by photosynthetic anoxic bacteria that reside at the chemocline [Bazylinski et al., 1995] . Mass die-offs of these bacteria during periods of intensified overturning may contribute significantly to the flux of Fe to the sediments in some years [Bazylinski et al., 1995] .
[34] Elemental maps show that the laminae are composed predominantly of Al, Ti, K and Ca, alternating with bands of Fe-rich sediments. As expected from previous work on the mechanisms of varve formation at this site, these correspond to the lighter colored terrigenous and the darkercolored pyrite-rich intervals of deposition, respectively. These differences in the elemental makeup of the laminae are also apparent in PC1, which has strong positive loadings for the terrigenous elements, and negative loadings for Fe. However, PC2 and PC3 do not show any clear association with the proposed depositional mechanisms for this site. Thus the elemental data show no evidence for Fe concentrations varying independently of the variations in the other elemental constituents. This may indicate that the most important control on Fe concentrations is changes in the input of terrigenous matter to the system (which dilutes concentrations of Fe-bearing minerals) rather than changes in the production of pyrite and magnetite. The hypothesis that the system is controlled by changes in terrigenous flux via runoff, rather than interannual changes in authigenic production of Fe-bearing minerals from the water column is supported by statistically significant correlations between winter and spring precipitation and light laminae thickness [Hubeny, 2006] . 4.3.3. Lake Bosumtwi, Ghana
[35] Lake Bosumtwi is a small (8 km diameter), deep (80 m) tropical lake occupying a meteorite impact crater in tropical West Africa. A steep temperature profile in the upper part of the water column inhibits overturning and maintains anoxic conditions below 10-15 m, throughout the year, though dramatic overturning events, resulting in massive fish kills are reported to occur episodically [Talbot et al., 1984] . Annual sediment couplets are made up of a lighter colored, clastic rich layer deposited during the most intense of the spring and early summer monsoon rainfall period, and a darker organic rich layer deposited during the late summer and early fall [Shanahan et al., 2008] . Sediments also typically contain at least a few percent carbonate formed during the period of high productivity, though no distinct carbonate layer is easily identifiable. In some portions of the sedimentary record, distinct orange-red bands are observed that are presumed to be geochemically precipitated during episodic overturning events.
[36] XRF maps support the hypothesis that the annual laminae at Lake Bosumtwi are composed of a single layer enriched in siliciclastic elements (e.g., Fe, Si, Al, Ti, K) which are deposited during the rainy season (dark laminae) and a lighter laminae composed primarily of organic matter deposited during the productive season. The elemental data indicates that the biogenic layer contains significant amounts of Ca, which we attribute to authigenic CaCO 3 precipitated from the water column during periods of high productivity. The highest concentrations of siliciclastic elements in the maps are confined to a turbidite layer (right hand side of the maps). Distinct bands of both Fe and Mn are also present, and are interpreted here as indicating the occurrence of episodic overturning events, which resulted in the chemical precipitation of these elements. During one of the largest of these events, discrete fine-grained Fe-bearing particles are evident and may be framboides of pyrite. However, XRD analysis indicates that pyrite is overall not a common constituent in the sediments and, for the most part, the Fe and Mn are present in other mineral phases, including vivianite (Mn, Fe phosphate) and manganosiderite (Mn, Fe carbonate).
[37] Principal components analysis indicates that the elemental variations are dominated by the seasonal deposition of terrigenous material, as seen primarily through Al, K, Si and Ti. Negative loadings for the redox sensitive metals (Fe, Mn) and Ca indicate that these elements are not deposited at the same time as maximum runoff. Mn and Fe are most likely deposited during the late summer, when temperatures are cooler and wind is at its maximum, decreasing lake stability and allowing overturning to occur. Our observations suggest that Ca is likely deposited immediately afterward in fall, when productivity is at a maximum. This mechanism may explain the opposite loadings for the redox metals and Ca in PC2. These results suggest that down core changes in Ti, Si and Al should provide good proxies for summer monsoon runoff from the catchment, whereas Ca may indicate variations in lake productivity and Fe and Mn should be useful in reconstructing long-term changes in lake stability and overturning events.
Conclusions
[38] In situ m-XRF mapping provides a valuable new tool for the analysis and interpretation of finescale sedimentary structures in laminated sedimentary archives, which complements existing approaches such as scanning electron microscopy. In varved sediment records, sublaminae elemental variations can be related to seasonal changes in biology, geochemistry or sedimentary fluxes, providing insights into the nature of sedimentation processes. Furthermore, studies based on visual methods alone may not completely characterize the varve components, and can be significantly enhanced through complementary in situ geochemical techniques like the one presented here. For example, at some sites, elemental mapping demonstrates that Ca is deposited during discrete time intervals as thin sublaminae, separate from the other major elements, consistent with the seasonal deposition of carbonate from the water column. In other cases, the Ca is dispersed throughout the sediments, or occurs in association with the other major elements, indicting either the presence of Cabearing minerals in the catchment or the formation of diagenetic carbonates in the sediments. In addition, elemental mapping provides information on spatial variations in trace elements, which may not be visually distinct, but which are important for understanding changes in lake stability and redox conditions.
[39] Other sedimentary processes may be more difficult to distinguish from the elemental mapping approach. For example, where there is little seasonal change in the source of the lacustrine sediments, the elemental contrast between laminae is small and elemental mapping has limited utility in identifying or describing the laminae. The elemen- tal approach also has difficulties in quantitatively separating biogenic silica from the mineral component, even when statistical methods such as principal component transformations are used. However, it does appear able to confirm that both sources of Si are important sedimentary components in at least some situations.
[40] Unlike rapid elemental line-scanning approaches, which can rapidly produce long, continuous records of elemental variations in sediment records, the mapping approach provides additional spatial data that helps to better characterize the within laminae variations in elemental composition. Such data is most important in characterizing small-scale sedimentary features important for understanding laminae formation. Our elemental maps suggest that some of these smaller-scale features may show significant variations along laminae, and thus may not be well represented by single line scans. Although the acquisition rate of elemental maps is relatively rapid in comparison with other methods of geochemical analysis that require sediment subsampling, the production of large-scale maps using this method is currently too slow for entire sediment cores. However, such maps may assist in the interpretation of subannual resolution elemental variations observed in m-XRF line scans of sediment cores and with data produced by visual microscopy and SEM. Thus elemental mapping provides a valuable, complementary paleoenvironmental tool for varve-based analysis.
